Introduction
Flucloxacillin is an orally administrated beta-lactam antibiotic that is frequently used in Europe, especially against Staphylococcus aureus infections of the skin and soft tissues.
1,2 Drug-induced liver injury (DILI) is a collective term of different liver injuries as adverse drug reactions (ADRs) due to various substances. 3 DILI is a known but unusual ADR due to flucloxacillin, and the prevalence among first-time users has been estimated to be 1/10,000. 1 Most of the cases occur within 3 months of exposure to flucloxacillin. 1 Flucloxacillin-induced DILI is a type B ADR, sometimes referred to as idiosyncratic. Such reactions are not related to the pharmacological effect or dose of the drug, [4] [5] [6] and due to their rarity and unpredictability they are seldom detected in preclinical and clinical drug trials. 7 Additionally, their rarity makes them difficult to investigate in epidemiological studies. 8 DILI due to flucloxacillin is mostly cholestatic, 1,2 but the pathogenesis of the injury is, as for type B ADRs and DILI in general, poorly understood. Both immune-mediated and metabolic hypotheses have been suggested. 9 The immune-mediated hypothesis is based mainly on a T-cell-mediated and human leukocyte antigen (HLA) system associated response. 10 According to the metabolic hypothesis, CYP3A4 derived metabolites of flucloxacillin can be toxic to biliary epithelial cells. 11 Which hypothesis is true has not been proven, and it can be assumed that none is fully comprehensive.
A genome-wide association study (GWAS) has shown a significant association between flucloxacillin-induced DILI and the HLA-B*57:01 genotype. 12 This HLA type is common in northern Europe, and estimated to occur in 6%-8% of the general European population. 3, 12 The GWAS showed that 84.3% of all patients with flucloxacillin-induced DILI carry HLA-B*57:01, and that carriers have an 80-fold risk of being affected, OR 80.6, 95% CI 22.8-284. 9 . 12 Although this is one of the strongest genetic associations with DILI, the high frequency of HLA-B*5701 in the white population coupled with the low incidence of DILI in treated patients gives it a low positive predictive value. 12 This means that the majority of flucloxacillin-treated HLA-B*57:01 carriers will not develop DILI. 13 It would be valuable to identify other predisposing factors for flucloxacillin-induced DILI that could help guide whom to test for HLA-B*57:01.
14 Until now, female sex, age older than 60 years, and treatment duration longer than 2 weeks have been proposed as risk factors. 1, 2 This study aimed to validate previously suggested predisposing factors, and to identify new clinical risk factors for flucloxacillin-induced DILI.
Materials and methods
A retrospective case control study was performed using the SWEDEGENE database of clinical information on individuals affected by suspected ADRs (www.swedegene.se). SWE-DEGENE is a collaboration between Uppsala University, the Swedish Medical Products Agency (MPA), and Karolinska Institutet, Sweden. Collaboration with the TWINGENE database at Karolinska Institutet allowed access to clinical information from twins born 1911-1958. 
Patient recruitment and data collection
All cases with reports of suspected DILI between 1990 and 2016 were collected from the Swedish National database of spontaneously reported ADRs that is kept at the MPA. Every reporter was asked if the patient was suitable to be included in the study. Patients could also be referred from collaborating colleagues or contact SWEDEGENE directly. Each patient was then contacted, and if permission was granted, he or she was sent a study kit containing a questionnaire, an informed consent form, and a blood sample kit for DNA analysis (not applied in this study). The questionnaire included questions concerning, eg, sex, age, suspected causative drug(s), all concomitant drugs taken within 3 months before the ADR, diseases before the ADR, and more. The questionnaire was completed through a telephone interview. If additional information was required, copies of the participants' medical journals were requested. All information collected was then entered into the SWEDEGENE database.
Inclusion and exclusion criteria
All patients recruited by SWEDEGENE were required to be at least 18 years old and able to give informed consent. Inclusion and exclusion criteria were based on a definition of DILI as described in detail elsewhere (Tables 1 and 2 ). [16] [17] [18] [19] In brief, patients were excluded if they had been diagnosed with a liver or gallbladder condition since 1967 or if there was another more likely cause for the liver disorder, such as positive serology.
controls
Treated controls were collected from the TWINGENE database. An excerpt from the Swedish National Drug Register containing all prescriptions dispensed at pharmacies from July 2005 until December 2014 was used to identify those with a prescription for flucloxacillin within this time. If an individual had collected several prescriptions for flucloxacillin, data around the first prescription were used in this study. The Swedish National Inpatient Register (IPR) was searched to find concomitant diagnoses using diagnosis codes according to the Swedish version of the WHO's tenth revision of the International Statistical Classification of Diseases and Related Health Problems, 10th revision, Swedish version (ICD-10-SE). 20 The Swedish IPR contains diagnoses set within inpatient hospital care from 1964 and onwards. 21 Since 2001, this register also contains hospital-based outpatient physician visits, but not primary health care data on a national 
Data analysis
Raw data of the cases were extracted from the SWEDEGENE database and transformed into an Excel ® spreadsheet (version 14.6.8; Microsoft Corporation, Redmond, WA, USA). Desired data (demographic data, flucloxacillin data, concomitant drugs, and diagnoses) were categorized to allow statistical analyses. Drugs were coded and categorized into drug classes using the WHO Collaboration Centre for Drug Statistics Methodology International Anatomical Chemical (ATC) • bilirubin >42.8 mmol/l (>2.5 mg/dl) and/or PT inr >1.5 in combination with any elevation of aST.
• AST and/or ALT elevated at least five times ULN.
• alP elevated at least two times Uln. 2) Onset of DILI within 3 months of initiation of flucloxacillin therapy.
3) Causality assessment with flucloxacillin exposure at least possible. classification. Diagnoses and drug classes with a frequency of less than 12% among the cases were excluded for further analyses based on the statistical power calculation described further on. Liver reactions were categorized into hepatocellular, cholestatic, or mixed injury. Classification was based on the ratio (R) between the levels of alanine aminotransaminase (ALT) and alkaline phosphatase (ALP) in multiples of their upper levels of normal (ULN), and calculated with the formula R = (ALT/ULN ALT )/(ALP/ULN ALP ). The first available ALT and ALP values after the onset of DILI were used. A ratio over five counts as a hepatocellular, a ratio under two as cholestatic, and a ratio in between two and five as mixed injury. [16] [17] [18] For the controls, the diagnoses present in the cases were extracted from the Swedish National IPR using ICD-10 codes. Only diagnoses documented before the collected prescription of flucloxacillin were used in comparisons. In addition, liver diagnoses within 3 months after the initiation of flucloxacillin were extracted. Drugs dispensed by a pharmacy within 3 months before and after the collection of flucloxacillin were extracted from the Swedish National 
Statistical analysis
Fifty cases and 2,338 controls gave a statistical power of ≥80% to detect an OR ≥4. 4 A multiple regression model was used to detect association between variables. Only variables considered reliable in the controls (eg, prescription-only drugs and diagnoses with expected high sensitivity in the Swedish national IPR), and showing significant univariate differences were included in the multiple model.
Results
In all, 652 suspected DILI cases were retrieved from the Swedish National database of spontaneously reported ADRs. Out of them, 379 cases were excluded before recruitment because of the following reasons: the ADR report was a duplicate (n=56), inability to reach the reporter (n=12), the physician (ie, the reporter) deemed the patient unsuitable for the study (n=27), inability to reach the patient (n=39), the patient chose not to participate (n=46), the patient did not comply with the study procedure (n=18), the patient was deceased (n=24), the patient was less than 18 years old (n=2), or did not fulfill study requirements or procedures (n=155). The remaining 273 cases were enrolled in SWEDEGENE. Among these, 51 cases had flucloxacillin as a suspected causative drug. One case did not fulfill the DILI criteria, and was therefore excluded. In total, 50 cases of suspected flucloxacillin-induced DILI were included in this study.
Among cases, the median daily dose of flucloxacillin was 2,250 mg/day and the median treatment duration was 10 days (Table 4 ). The most common indications for treatment with flucloxacillin were skin infection (n=11), wound/ulcer (n=9), and soft tissue infection (n=7). Other indications were, eg, postoperative infection, fracture, lacrimal canaliculitis, 
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Clinical factors predicting flucloxacillin-induced liver injury lower respiratory tract infection, and spondylodiscitis. The indication for flucloxacillin was unknown in 13 of the cases.
Seven cases (14%) had at least one other suspected drug. They were hydrochlorothiazide (n=2), amiloride (n=1), candesartan (n=1), clindamycin (n=1), diclofenac (n=1), glibenclamide (n=1), interferon beta (n=1), naproxen (n=1), and pivmecillinam (n=1). Eleven patients (22%) had taken at least one herbal remedy and/or dietary supplement within 3 months prior to the DILI. They were calcium (n=3), ginseng (n=2), omega 3 (n=2), citric acid (n=1), evening primrose oil (n=1), fish oil (n=1), horsetail herb (n=1), inositol (n=1), magnesium (n=1), multivitamin (n=1), protein supplement (n=1), rosehip (n=1), roseroot (n=1), Russian root (n=1), schisandra (n=1), silicon (n=1), vitamin B (n=1), and vitamin D (n=1). In no case was the herbal remedy and/or dietary supplement suspected by the physician to have caused the DILI.
Common clinical symptoms were icterus (n=41), dark urine (n=37), pale stools (n=34), itch (n=32), nausea (n=32), abdominal pain (n=19), drowsiness (n=19), and fever (n=6). Median maximum laboratory test values were ALP 5. Among the controls, 2,343 unrelated individuals had collected at least one prescription of flucloxacillin at the pharmacy. Five controls were excluded because of liver or ADR diagnoses (Table 3) in the Swedish national IPR within 3 months after the collection of the prescription, which left 2,338 controls. The ICD-10 documented diagnoses were K71 toxic liver injury (n=2), R74.0 elevations of levels of ALT, AST or LDH (n=1), and T88.7 unspecified adverse effect of drugs or medicament (n=2).
Thirty-three (66%) of the cases were women, compared to 1,084 (46%) of the controls (Table 4) . Female sex was thereby nominally, but not statistically, more common among cases than controls (OR =2.25, 95% CI =1.24-4.05, P=0.0059). Median age at the time of the flucloxacillin-induced DILI was 63 (IQR 19) years among the cases, while median age at the time of the first collected flucloxacillin prescription was 67 (IQR 13) years among the controls (Table 4) . Age varied between 22 and 78 years among the cases, and between 47 and 97 years among the controls. Cases were significantly more likely to be younger than the controls (OR per change in unit =0.91, 95% CI =0.88-0.94, P<0.0001). There was no difference between the groups concerning daily dose of flucloxacillin or flucloxacillin treatment duration (Table 4) .
Diagnoses present in ≥12% of the cases and thus included in the comparisons between groups were arthrosis, hypertension, and kidney stones. Hypertension was significantly more common among cases than controls (22.5% vs 9.3%, OR =2.83, 95% CI =1.43-5.6, P=0.0019), as was kidney stones (12.2% vs 3.5%, OR =3.84, 95% CI =1.59-9.27, P=0.0013) ( Table 4 ). For arthrosis there was no significant difference between cases and controls (20.4% vs 17.4%, OR =1.22, 95% CI =0.60-2.46, P=0.5841).
Aniline analgesics, antibacterial agents excluding flucloxacillin, NSAIDs, platelet aggregation inhibitors excluding heparin, vitamin B12, and thiazides were the drug classes included for comparison between cases and controls. None of the drugs showed a statistically significant difference between the groups (Table 4) . Sex hormones were nominally significantly more common among cases than controls (20% vs 10%, OR =2.25, 95% CI =1.11-4.55, P=0.0210), but this significance disappeared when adjusting for sex, ie, the effect of female sex seemed to be responsible for the sex hormone effect. Furthermore, there was no significant difference between female cases and controls regarding intake of sex hormones (30.3% vs 21.6%, OR =1.58, 95% CI =0.74-3.36, P=0.2326). Systemic antibacterial agents excluding flucloxacillin were nominally significantly more uncommon among cases than controls (14% vs 27.8%, OR =0.42, 95% CI =0.19-0.94, P=0.0306).
Sex, kidney stones, and antibacterial agents excluding flucloxacillin were tested for their contribution in a multiple regression model (Table 5 ). In this model female sex and kidney stones showed a significant difference between the groups. Treatment with an antibacterial agent excluding flucloxacillin showed a nominally significant difference between the groups.
Discussion
The main results of this study were that female sex, a diagnosis of hypertension, and kidney stones were more common among cases than controls. Female sex as a risk factor for fluclox- acillin-induced DILI is consistent with previous studies. 1 In relation to this, it is interesting that the HLA-B*57:01 genotype tends to be more common among women than men who suffer from flucloxacillin-induced DILI. 12 To our knowledge, previous studies have not shown any diagnosis or concomitant drug as a risk factor for flucloxacillin-induced DILI. In this study, hypertension and kidney stones were statistically more common among cases than controls. The diagnosis of hypertension is expected to have a low sensitivity among controls, since the Swedish IPR has incomplete coverage of diagnoses from primary care. 21 The Swedish IPR has 99% coverage of all inpatient hospital diagnoses, and approximately 80% coverage of hospital-based outpatient care diagnoses. Sensitivity is estimated to vary between diagnoses; from >90% for a typical inpatient diagnosis such as myocardial infarction to ~10% for a typical outpatient diagnosis such as hypertension. 21 Due to the low sensitivity of this diagnosis, we believe that the finding of hypertension as a potential risk factor is the result of bias. A diagnosis of kidney stones should be more reliable, since this is often diagnosed at a hospital. In the univariate analysis, a statistically significant, almost 4-fold increased risk for flucloxacillin-induced DILI was shown in individuals with a medical history of kidney stones, and in the multiple regression model this risk was 5-fold. Non-alcoholic liver disease and gallstone disease have previously been shown to be associated with kidney stones. [23] [24] [25] The mechanisms linking these diseases with kidney stones are complex and not yet established. In our study, patients with preexisting liver and gall bladder diseases where excluded, and it cannot be ruled out that persisting changes in urinary constituents predispose to liver reactions.
This study also found a statistically significant difference between cases and controls regarding age, suggesting young age as a risk factor. This is opposed to previous studies that have shown age older than 60 years as a risk factor. 1 This reverse result could be due to the fact that controls in the TWINGENE database were born 1911-1958, and the Swedish National Drug Register was established in 2005. 15, 26 Thus, the controls were at least 47 years old when their first prescription was documented.
Strength and limitations
The study has some limitations. 1) Selection bias cannot be excluded since there is a risk that older and unhealthier individuals do not participate in studies. 2) There is a risk of unreliable or incomplete information in interviews, medical records or the Swedish IPR.
3) The controls' intake of OTC drugs, herbal remedies, and dietary supplements was not captured and could therefore not be compared with the cases.
However, the herbal remedies and dietary supplements taken by the cases are not known to cause liver damage in normal doses. 27 4) Finally, some cases had other suspected causative drugs in addition to flucloxacillin.
Strengths of this study are the well-established method of patient recruitment and data collection, the well-defined cases, and that Sweden's national registers and records were used for characterization of the controls.
Conclusion
The strongest known risk factor for DILI associated with flucloxacillin is HLA-B*57:01. 3 New and rapid methods for HLA testing are needed to make preemptive testing clinically feasible, and due to the low prevalence of this type of DILI (~1 in 10,000), thousands of patients would need to be tested to avoid one case. 13 HLA-B*57:01 is at present more useful as part of diagnostics in patients with evidence of a liver reaction. 28 HLA typing of all patients starting flucloxacillin is not cost-effective, but clinical risk factors for DILI could be used to indicate whom to test. We established female sex as a risk factor for flucloxacillin-induced DILI, and a history of kidney stones was identified as a potential risk factor. Potentially females with a history of kidney stones should be tested for the genetic risk factor HLA-B*57:01, but this needs to be confirmed in further studies.
och vissa landsting om samarbete om grundutbildning av läkare, medicinsk forskning och utveckling av hälso-och sjukvården (ALF) [Agreement between the Swedish State and counties on cooperation on undergraduate medical education, medical research and development of health care]) at Uppsala University.
Disclosure
The authors report no conflicts of interest in this work.
